Grain refinement response during twist extrusion of an Al-0.13% Mg alloy Twist extrusion is a recently developed method of severe plastic deformation that principally uses torsion to generate high strains in a repeatedly extruded billet, while maintaining a constant cross-section. The method thus results in a deformation gradient across the billet section. To date, the grain refinement behaviour of alloys deformed by twist extrusion have only been investigated qualitatively. In this study high resolution electron backscattered diffraction has been used to quantify the deformation structures produced by twist extrusion, in a model, single-phase, Al-0.13 % Mg alloy, with the aim of investigating the potential of the technique for producing ultra-fine grained metals, as well as the homogeneity of the microstructure and strain distribution in processed billets.
Introduction
There is currently considerable interest in severe deformation processes for producing ultra-fine grained materials that are more efficient and cost effective than established methods, such as equal channel angular extrusion (ECAE) and high pressure torsion (HPT) [1 -3] . The Twist Extrusion (TE) technique was developed relatively recently in the Donetsk Institute for Physics and Engineering (National Academy of Sciences -Ukraine) by Beygelzimer and his research group [4 -7] . Similar to other severe deformation techniques, the aim of Twist Extrusion is to produce submicron grained materials by achieving ultra-high plastic strains, without any reduction in cross-sectional area. However, to date there has been no quantitative analysis of the effectiveness of this technique. Of particular concern, in the context of attempting to produce ultra-fine grained materials, is the fraction of high angle boundaries (HAB) developed within the deformed state and the homogeneity of the processed material [8] . It has been previously suggested [8] that, to be defined as submicron grained, a severely deformed material must contain an HAB area fraction greater than 70 %, as well as having an average HAB spacing of less than 1 lm. Obtaining a homogeneous ultra-fine grained billet, is clearly more problematic with a process that involves a large radial deformation gradient.
In twist extrusion, a non-circular cross-section billet passes through a die with an internal helical section, as shown in Fig. 1 , which imposes an angle of twist (b) on the material, defined by the slope of the billet edge relative to the extrusion axis. The material is rotated 908 around the extrusion axis restoring its original cross-sectional profile. The deformation occurs mainly by simple shear in torsion and is closely related to the deformation behaviour in HPT processing, which would theoretically result in zero strain at the billet centre, increasing to a maximum at the crosssection corners. However, during TE there is also a significant change in specimen surface area, while the billet goes through the twist section in the die, and there are therefore additional minor strain components. Furthermore, the material flow is strongly influenced by the friction conditions and cross-sectional geometry [4 -7] .
Beygelzimer et al. [4 -6] have used an upper bound approach to analyse the theoretical deformation behaviour in TE, in terms of rotational and translational flow fields, and claim that the 'translational flow' (or non torsional components) smear out the strain rate gradient, relative to that expected for pure torsion, resulting in the predicted strain distribution shown in Fig. 2 [5] , where e true is the true strain, and a and b are dimensions across the billet cross-section. and b are dimensions across the billet cross-section). They further suggest that with a 908 twist the maximum and minimum true strain per pass can be estimated from the following simplified relationships [6] :
For a twist angle of b = 608 the average strain per pass is estimated to be e ave & 1.2 [6] . In this study, the deformation structure of a model single phase Al-0.13 %Mg alloy deformed by twist extrusion has been characterised by high resolution Electron Backscattered Diffraction (EBSD) and TEM, in order to rigorously evaluate the effectiveness of the process for producing ultrafine grained materials, in comparison to other severe deformation techniques, like ECAE. The inhomogeneity of the microstructure distribution within the billet has also been analysed and related to the estimated strain distribution within the billet, depicted in Fig. 2 .
Experimental
High purity single phase Al-0.13 % Mg billets, with an initial grain size of 300 lm, were extruded, through a 908 anti-clockwise, b = 608 twist angle, die using a backpressure of 200 MPa. The billet had a 28 mm · 18 mm, approximately rectangular cross-section, as shown in Fig. 1b . Low and high strain samples were obtained after one and 8 extrusion passes, giving theoretical average effective strains of &1.2 and &9.6 (see above) [6] . Particular attention was paid to the lubrication, since TE can generate high levels of friction, and a coating of PTFE tape and PTFE spray was applied to the sample before each pass. With the TE process, apart from local end effects, it can be assumed that there is strain and microstructural uniformity along the billet's mid-section [5, 6] . The TE processed samples were, therefore, sectioned halfway along their length and examined at several locations in the "normal directiontransverse direction" (ND -TD) plane in order to investigate the deformation structure across the billet section. The sample and orientation reference system used is given in Fig. 3 . Microstructural characterisation was conducted by means of EBSD using a Philips XL-30 FEG-SEM, Optical Microscopy, and TEM (Philips CM20 microscope at 200 kV). The TEM specimens were cut from the same TD -ND plane as the EBSD samples. Anodising in Barker's reagent was used to reveal the grain structure for polarised light microscopy. The TEM specimens were electropolished, and the EBSD samples were given a final brief electropolish, in a 30 % Nitric acid methanol solution at 12 V at 30 8C. Within the EBSD orientation maps, high angle boundaries were defined as having a misorientation greater than 158 and are depicted as black lines, with low angle boundaries (LABs) indicated by light grey lines. A 1.58 misorientation noise cut-off was employed with the EBSD data.
Results and discussion

Low strain (1 TE pass)
The microstructures of the cross-sections of billets processed by one TE pass were investigated at different length scales. Optical micrographs in Fig. 4 show typical examples of a billet's centre and the edges and corners of the ND -TD plane, to illustrate the overall level of deformation and heterogeneous nature of the radial strain distribution within the billet. In Fig. 4a there is evidence of low, but still significant, deformation at the billet's centre where the strain is expected to be at a minimum [4 -6] . Progressively increasing levels of deformation occur towards the billet's surface (Fig. 4b) as the strain increases radially from the centre. However, the strain increases more rapidly on approaching the edge of the sample, where a heavily deformed fibrous structure can be seen near the billet's surface. Furthermore, even though the two opposite corners (locations 3 and 4) are at equal distances from the billet centre they appear asymmetric, in that the heavily deformed surface layer is a different thickness at each corner. This behaviour is related to different local flow behaviours within the billet, due to the directional nature of the torsional shear imposed on the sample, which also affects the die surface reaction forces and friction conditions.
In order to investigate the microstructural differences between the centre and the peripheral areas of the billet cross section, EBSD and TEM analysis was conducted at selected locations. Statistical data from the EBSD maps is given in Table 1 , where it is compared to the equivalent strain at each location predict by the upper bound velocity field model of Beygelzimer et al. [5, 6] . It should be noted that at low strains, due to the inhomogeneity of deformation structures, average microstructural parameters measured Table 1 . Average statistical data from the EBSD maps of the areas 1 -5 in the billet cross-section (shown in Fig. 3 ), compared to the strain predicted after one pass by Beygelzimer et al. [6] , X and Y give minimum and maximum spacing in microns. by EBSD are particularly noisy. Nevertheless, the overall trends can be seen and there is a reasonable correlation between the strains predicted in Fig. 2 and the data in Table 1 . After one pass the centre of the billet (position 1) contains low misorientation deformation bands and a poorly defined cellular substructure (Fig. 5a ). The cell boundaries are still diffuse and the cell size at the billet centre is considerably coarser (Table 1) than at the edge, although this is exaggerated by the 1.58 misorientation noise cut-off employed with the EBSD data. The fraction of HABs is also very low reflecting the much lower strain level. This level of deformation is thus typical of a microstructure that has been deformed to relatively low strains of *0.3 -0.5, which is in reasonable agreement with the predictions in Fig. 2 for the strain distribution in a single TE pass. The strain increases radially with distance form the billet's centre and the upper bound velocity field model predicts a maximum strain of e * 2.0 at the corners. Due to the higher strain reached, relative to that at the billet's centre, in all the near surface regions the material had a welldefined cellular substructure containing sharp cell boundaries (Fig. 5b) . At the corner (Fig. 5d -location 4) , which had the finest cell size, ultra-fine grains could be seen to be starting to form in bands of high HAB density, resulting from grains of unstable orientation splitting into deformation bands. Similar local areas containing early indications of ultra-fine grain formation could be seen within the subsurface structure below the billet faces (Fig. 5b -location 2 ), but grain splitting was not so advanced at the other opposing corner (Fig. 5c -location 3) . This could reflect the statistical difficulties of low strain EBSD data, but might equally confirm the importance of the asymmetric flow conditions and pressure on the sliding friction at the opposing corners, due to the direction of twist.
Overall, the majority of boundaries in the billet's centre were < 48 in misorientation, whereas near the billet's faces and corners the bands of new HABs present were mostly in the range *15 -408. The fraction of HAB area achieved in the near surface region after one pass was 15 -30 %, but was only *3 % at the billet centre. It thus appears in twist extrusion that at low strains highly inhomogeneous deformation structures are produced across the billet section, due to the effect of the shear strain increasing with radial distance, combined with the influence of die friction close to the billet's faces and corners. The upper bound velocity field model of Beygelzimer et al. [5, 6] appears to give a reasonable correlation with the observed deformation structures, but the local strain is probably higher than that predicted near the billet surfaces, due to friction effects, as well as being different at opposing billet corners.
High strain (8 TE passes)
With increasing TE cycles and strain, the homogeneity of the deformed billet was expected to improve because of the generally higher level of deformation and through the transfer of shear to adjacent material via work hardening (i. e. from the edge to the centre) [4 -7, 9] . In order to estimate the microstructural homogeneity of the material processed to high strains, EBSD analysis was conducted on the same billet cross-section after eight TE passes. According to Beygelzimer et al. [6] , the average strain in the billet after this number of extrusion cycles would be & 9.6, although at the billet centre it would be *4.6 and *16 near the corners. However, after eight TE extrusion cycles the deformation structures of the processed billets still suffered from large and fine scale inhomogeneity, as can be seen from the EBSD maps in Fig. 6 and the average EBSD measurements given in Table 2 . The EBSD map in Fig. 6a shows that after eight repeated extrusions the billet cross-section centre can still not be described as ultra-fine grained, as it consists predominately of subgrains with LABs. The microstructure is significantly more refined than after one cycle, with HABs forming at deformation band boundaries, but the overall level of HAB area is still only 27 % and the average boundary misorientation was *138.
A far higher level of refinement was found within the billet peripheral areas. An example EBSD map from loca-Int. J. tion 2 is shown in Fig. 6b , near the billet's surface. Here the initial grain structure has clearly become highly fragmented. The deformation structure does now contain ultra-fine subgrain scale grains, but a significant volume fraction of less refined regions, predominantly containing LABs, has been retained. The average boundary misorientation in these regions was *58. Statistical data from EBSD maps gave an average HAB linear intercept length of *2 -4 lm and the fraction of HAB area and mean boundary misorientation was *57 % and 248, respectively. This material would thus still have to be deformed to a higher strain level before it could be classified as having a 'true' submicron grain structure. In comparison, the same material deformed by ECAE (Route A) to a similar strain level has been reported to have an HAB spacing 0.5 -0.9 lm, fraction of HAB area around 70 -80 % and an average boundary misorientation of *30 -408 (Table 2) [11, 12] .
To facilitate a more direct comparison with the ECAE processing, a higher resolution (smaller step size) map was obtained from location 2 with the billet sectioned in the same ED-ND orientation typically used for EBSD analysis on ECAE samples and this map is shown in Fig. 6c . When Table 2 . Average statistical data from EBSD maps from the Twist extrusion billet's centre and edge (locations 1 and 2) in the ND -TD cross-section, compared to that from the ED -ND section near the billet's surface and typical data from the same material deformed by ECAE to an effective strain of ten from [11] . Note; when the HAB fraction is greater than the LAB fraction the LAB spacing does not reflect a subgrain size and has been omitted, compared to viewed in the same orientation, the average HAB spacing was slightly smaller (*1.7 -3 lm), but the sample was still clearly less refined than that reported for the same alloy deformed to an effective strain of ten by ECAE [8, 10] . This difference may result from a greater grain refinement efficiency with the ECAE process, which benefits from creating many new HABs, particularly at low to medium strains, by micro and transgranular shear banding [11 -13] . In ECAE shear banding is promoted by the narrower deformation zone and change in orientation of the shear plane each pass, both of which are inherent to the process. In comparison, in TE processing the strain develops more gradually over a larger deformation zone.
Conclusions
The deformation structure homogeneity and level of grain refinement has been investigated in Twist Extrusion (TE) after a single pass and after multiple passes, to a similar average strain level (*10), to that used in ECAE to produce submicron grained materials. After a single extrusion cycle, the deformation structures observed in the ND -TD plane were consistent with strain predictions from the upper bound velocity field model of Beygelzimer et al. and indicated a minimum strain at the centre of the billet of *0.3 -0.5, which rises sharply towards the billet periphery. Although the main strain component in TE results from axial torsion, it is thus clear that other minor components contribute to the net deformation field. The local strain is probably higher than that predicted near the billet surfaces as well as being different at opposing billet corners, due the reaction forces arising from the direction of twist. Even after eight TE extrusion cycles there was still largescale inhomogeneity in the processed billets. The billet's centre remained substantially less refined than its periphery, and was comprised mainly of LABs. Substantially greater grain fragmentation occurred in the material near the billet edge, but the HAB spacing observed was still double that found after ECAE processing by route A to a similar strain level and there was a corresponding lower fraction of HAB area. This difference may result from a greater grain refinement efficiency of the ECAE process, which benefits from creating many new HABs through shear banding, as a result of the narrower deformation zone and change in orientation of the shear plane each pass inherent to the ECAE process. Int. J. Fig. 3 ) from the TD -ND plane of the billet after eight TE passes. In (c) a higher resolution map is shown from position 2 in the TD -ED plane, which is the equivalent orientation previously used for EBSD analysis after ECAE processing.
